Two new tricyclic β-aminoacrylate derivatives (2e and 3e) have been found to be inhibitors of Plasmodium falciparum dihydroorotate dehydrogenase (PfDHODH) with Ki 0.037 and 0.15 μM respectively. 1 H and 13 C NMR spectroscopic data show that these compounds undergo ready cis-trans isomerisation at room temperature in polar solvents. In silico docking studies indicate that for both molecules there is neither conformation nor double bond configuration which bind preferentially to
Malaria is one of the main infectious diseases in the world with an estimated 212 million cases in 2015, centred to a great extent on the countries in central Africa and south east Asia. 1 The numbers are even starker when one considers it is estimated these cases led to an estimated 429,000 deaths and that approximately 70% of these deaths were of children under five years old. Malaria is considered a 'preventable' disease, largely because of the use of chemotherapeutic agents, 2 however widespread drug resistance 3 has rendered these agents ineffective in many regions of the world. This problem has led to much effort being expended into validating novel drug targets, as well as discovering small molecule enzyme inhibitors to act as leads for development of new antimalarial drugs. 4 One such target which has attracted recent attention is P. falciparum dihydroorotate dehydrogenase (PfDHODH), This work was naturally followed by high throughput screening 7 and de novo design approaches. 8 During the progress of this work, co-crystallisation 9 and in silico docking 8, 10 experiments revealed that the inhibitors discovered targeted the ubiquinone binding channel, and also revealed important features for the design of selective and potent inhibitors. Firstly amino acid residues H185 and / or R265, at the head of the ubiquinone-binding channel, were found to be essential for hydrogen bonding interactions with the inhibitors. The ubiquinone channel also contained a hydrophobic region which contributes to the binding of the more potent inhibitors reported. Indeed many of the inhibitors reported to date [6] [7] [8] [9] [10] [11] [12] reveal broadly this amphiphilic nature, and possess a polar 'head group' and hydrophobic 'tail'. Triazolopyrimidine DSM265 (Figure 1 ) is currently the most advanced PfalDHODH inhibitor, and Phase 1 clinical trials for this candidate have recently been reported. 13 We have reported previously that β-aminoacrylate derivatives of the general structure 1 (Figure 1) are inhibitors of PfDHODH.
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In particular, tricyclic derivatives 2a and 3b displayed sub-micromolar IC50 values against PfDHODH, and in the case of 2a there was a 1000-fold greater potency compared to the human enzyme (hDHODH). An extensive series of experiments in this previous work with this class of inhibitors 10a showed that compounds 2a and 3b, and related structures, were competitive inhibitors with the enzyme cofactor CoQ and reversible. Compounds such as 2a may in principle exist as a pair of geometric isomers and we considered that different H-bonding groups on either side of the double bond, and their position relative to the aromatic portion of the structure through rotation about the CAr-N bond, would be key in determining their binding to the enzyme. It is perhaps noteworthy to mention that alternative binding modes have been reported with certain hDHODH inhibitors, 14 and also differential binding modes for A77 1726, the active metabolite of leflunomide (Figure 1 ), when binding to PfDHODH is compared to its principal target hDHODH. 9a We therefore sought to examine whether alterative polar 'head groups' to those investigated would lead to improved activity of members in this class of compound, and the results obtained are reported herein. Ten new derivatives (2b-f, 3a,c-f) based on the 3-aminocarbazole (4) and 3-aminodibenzothiophene (5) core unit were synthesised using the method reported previously (Scheme 1). 10a Derivatives 2b and 3a were prepared by simply heating the aromatic amine with the appropriate commercially available β-ethoxy-α,β-unsaturated carbonyl compound 6b and 6a respectively. For 2c-f and 3c-f the relevant active methylene compounds 7c-f were first heated with an excess of triethylorthoformate (or acetate) in toluene, forming the β-ethoxy-α,β-unsaturated carbonyl compounds 6c-f in situ, followed by addition of either the aromatic amine 4 or 5 and heating for a further short period. After cooling, the products precipitated upon standing, were collected by filtration and then recrystallised.
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Scheme 1. Synthesis of β-aminoacrylate derivatives of 9-ethyl-3-aminocarbazole and 3-aminodibenzothiophene in this study. Table 1 shows the IC50 values obtained for the compounds discussed in this work. These values were obtained using the screening methodology reported previously. 10a The IC50 values of derivatives 2c,d,f and 3c,d,f were above the arbitrary cut-off value of 0.1 mM and thus not further examined. Derivatives 2d and 3d, structures based upon Meldrum's acid, are conformationally restricted analogues. We assigned their low activity to the restricted freedom imposed by the six-membered ring to position the polar head group for maximal hydrogen bonding to H-bond donors on either side the co-factor channel. The activity of the cyanoacetate (2a, 3a) and malonate derivatives (2b, 3b) are not too dissimilar, and the IC50 values are probably subtly altered depending on the influence of the second ethyl ester and/or N-ethyl group. The lowest activity is seen with 2b, where both ethyl groups are present, may mean that the molecule is slightly too large to fit well into the ubiquinone binding site. Similarly, derivatives 2f and 3f, which only differ from 2a and 3a by a single methyl group, showed that substitution at this position cannot be tolerated sterically. The lack of activity in 2c and 3c was somewhat surprising, given the similar electron withdrawing effect of the methyl ketone compared to the ethyl ester and cannot so easily be explained.
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Nitroacrylate derivatives 2e and 3e were as active, if not more so, than cyanoacrylate and malonate derivatives 2a,b and 3a,b. As discussed above, we considered that the conformational preferences in the polar 'head group' would be important in determining the binding mode of these inhibitors to DHODH, and so it was interesting in particular to compare the isomerism in carbazole derivatives 2a, 2e and 2f, and the corresponding analogues of the dibenzothiophene series 3a, 3e and 3f. In the case of 2a and 3a, evidence of only one isomer is seen in the 1 H NMR. The heavily deshielded NH (δ 10.96 ppm for 2a and 11.26 ppm for 3a) and large coupling to the -CH= (J 13.7 Hz) indicated the presence of intramolecular hydrogen bonding to the ester carbonyl group, and the antidisplacement of the hydrogen atoms in the Ar-NH-CH= unit showed that the (Z)-isomer was preferred.
In the case of 2f and 3f analysis of the products similarly revealed single isomers [δNH 11.56 (s) for 2f, and δNH 11.65 (s) for 3f] in spite of the extra methyl group (R 3 ). The nitroacrylate derivatives 2e and 3e have the possibility to exhibit intramolecular hydrogen bonding in either isomeric form, and the balance between these isomeric forms was expected to have an important effect on the overall isomeric preferences and therefore binding to the cofactor channel of DHODH. The 1 H NMR of both 2e and 3e showed a 1:1 mixture (in CDCl3) however many times it was recrystallised under a range conditions (solvent, rate of cooling etc), indicating no clear preference in solution for one isomer over the other. Carbazole 2e could be recrystallised from ethyl acetate to provide bright red crystals suitable for single crystal X-ray diffraction (see Supplementary Information).
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The first crop showed 2e had crystallised preferentially as the (Z)-isomer ( Figure 2A ). Examining the single crystal X-ray data of 2e it was interesting to find that the N2-C15 bond was much shorter than the C15-C16 bond and C9-N2 bonds [1.3201(17) Å vs. 1.3914(18) Å vs. 1.4242(17) Å respectively]. These data are consistent with extensive delocalisation of the nitrogen lone pair into the enamine unit in the (Z)-isomer ( Figure 2B ), and could explain its deep red colour. After evaporation of the mother liquors and another recrystallization, the quality of the red crystals diminished and an orange powder was obtained upon evaporation of the mother liquors. Optical microscopy of this material showed two microcrystalline forms, one red and one orange, with the latter in large excess. We surmised the orange material may be the more soluble (E)-isomer. A portion of the orange powder was examined by X-ray powder diffraction using a PANAlytical Empyrean diffractometer operating with Cu Kα1 radiation. It was shown to be highly crystalline, but the diffraction pattern of the orange powder did not match that calculated from the structure of the red crystals obtained (Supplementary Information Figure S1 ). It was possible to index the powder diffraction pattern of the orange powder using a large triclinic cell.
The volume of this cell (2506 Å 3 ) is approximately three times that of the cell found for the red crystals.
It seems likely that the bulk of the orange sample contains the (E) isomer of 2e, and the tripling of the volume suggests that there are three molecules in the asymmetric unit, perhaps two of one isomeric form and one of the other. Importantly, 1 H NMR of either the red or orange crystalline forms showed, in CDCl3 solution, the same 1:1 mixture of the two geometric isomers.
We were able to select a small single crystal of the orange material from among the original red crystals. The small crystal only diffracted weakly but we were able to obtain a crystal structure, albeit of lower quality than that of the red form.
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The structure is not too dissimilar to that of the red crystals, however it had a different orientation of both the N-ethyl and ethyl ester groups (Supplementary Information Figure S2 ). It also showed that the nitro group was not co-planar with the NH, as in the red crystals, but was inclined at an angle of 25 (1) Crystal structure of 2e with atoms drawn as 50% thermal ellipsoids The more crystalline form of 2e reveals a shortened N2-C15 bond, lengthened C15-C16 bond and an intermolecular hydrogen bond between the nitro group and the NH. Figure 2B : The bond lengths from the crystal structure of the deep red coloured 2e is consistent with large degree of delocalisation of the nitrogen lone pair.
In order to probe the details of the interaction of these inhibitors with PfDHODH, docking (with both eHiTS and Autodock) of the E-and Z-forms of 2e and 3e into the putative ubiquinione binding channel of PfDHODH was performed using the PfDHODH crystal structure (PDB code; 1TV5). The data produced suggest several possibilities for the binding of each isomer of 2e and 3e
into PfDHODH. However all of the suggested poses are predicted to bind in the same general space of the enzyme, with the aromatic 'tail' group of each ligand binding deep within the large hydrophobic pocket of the binding site ( Figures 3A and 3B ). For each of the four structures (i.e. both E-and Zisomers of both 2e and 3e) two equally favourable rotamers were observed with the tail group seen to adopt the orientations shown in Figures 3A and 3B. A B Figure 3 . Docking studies reveal that the hydrophobic aromatic tail group of 3e (forest green) and 2e (latter not shown) may adopt one of two equally preferred conformations (3A and 3B, rotated 180° around the Ar-NH bond) when docked into the ubiquinone co-factor channel of PfDHODH. In both cases hydrogen bonding networks with Tyr528, His185 and Arg265 are maintained.
A B Figure 4 . Docking studies reveal that the hydrophilic head group of 2e and 3e (latter not shown) may bind in two equally preferred conformations (4A and 4B, rotated 180° around the Ar-NH bond) when docked into the ubiquinone co-factor channel of PfDHODH.
For both molecules 2e and 3e the polar 'head group' of the molecule is predicted to bind in the polar region of the binding site. Both isomers of each molecule can adopt two distinct hydrogen bonding networks (Figures 4A and 4B) . This is again due to a rotation of 180° around Ar-NH bond causing the polar 'head' of the molecule to flip. Although this 'flipping' forces a change in the hydrogen bonds made by the molecule and the enzyme, the residues involved in binding in PfDHODH are preserved, i.e. histidine185 (H185), tyrosine528 (Y528) and arginine265 (R265). All suggested binding poses have hydrogen bonds to at least two of these residues. The results from the docking studies suggest that the ligands may bind with multiple poses to the ubquinone channel and that there is no clear preference for any one arrangement.
In conclusion, we have discovered two new derivatives (2e and 3e) that are potent inhibitors of PfDHODH.
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